INTRODUCTION
Spinal muscular atrophy (SMA) is an autosomal recessive disorder with various phenotypes, ranging from severe forms that lead to rapid paralysis and early death in type I patients to milder forms (type III and type IV) in which patients reach normal age despite impairment by muscle paralysis (1, 2) . A common feature of these various forms is the loss of a-motor neurons in the spinal cord, which causes muscle weakness and muscle atrophy, in particular, in the proximal muscle groups of the body axis (3) . All these disease forms are caused by homozygous deficiency and/or mutation of the survival motor neuron gene (SMN1) on human chromosome 5, which encodes for the ubiquitously expressed SMN protein (4) . It plays a role in the assembly of small nuclear ribonucleoprotein particles (U snRNPs) (5 -8) , the central components of the spliceosomes. Furthermore, the SMN protein has an additional function, particularly in motor neurons, in promoting presynaptic differentiation by contributing to the translocation of the b-actin mRNA to the presynaptic compartment (9) . Thus, Smn-deficiency leads to highly reduced b-actin protein levels and defective clustering of voltage-gated Ca 2þ channels in axonal growth cones in motor neurons isolated from a mouse model of SMA type I (10) . Defects in presynaptic components of neuromuscular junctions and corresponding defects in neuromuscular transmission are also observed in early postnatal mice with this disease (11) . This report demonstrated that the loss of synaptic vesicles occurred from active zones in a mouse model of type II SMA, and that the depletion of synaptic vesicles correlated with increased phosphorylated neurofilament in this mouse model. Dysorganized cytoskeletal elements such as increased levels of neurofilament in axon terminals are prominent in mouse models of SMA (12) . Recent reports confirm these findings and provide evidence that the accumulation of neurofilaments occurs as part of a dying back process in mouse models of SMA (13) .
In humans, SMA type I becomes clinically apparent within 6 months after birth, SMA type III in the second or third year after birth (14) . Disease progression differs between type I and type III SMA. Type I patients die within few years after birth, type III patients normally reach adult age. In some of these patients, disease progression slows down with age, and compensatory mechanisms are thought to underlie this phenomenon (3, 14) . Mice with inactivation of one allele of Smn that show a 50% reduction of SMN protein levels exhibit progressive postnatal loss of spinal motor neurons of up to 50% at an age of 12 months (15) , although these mice remain phenotypically unaffected. This indicates that motor function does not correlate with the loss of spinal motor neurons, and that compensatory mechanisms are active in milder forms of SMA but not in the severe forms that lead to early postnatal death.
In order to identify the underlying compensatory mechanisms, we analysed Smn þ/2 mice electrophysiologically and histopathologically to characterize single motor units. Along with a reduction of motor neurons by over 40%, the size of the average single motor unit action potential (SMUAP) in the gastrocnemic muscle was increased by a factor of at least 2. To investigate how this electrophysiological observation corresponds to changes at the structural level, we analysed axon terminals in the gastrocnemic muscles. We found increased sprouting, a compensatory way to restore nervemuscle connectivity. CNTF is highly expressed in Schwann cells close to neuromuscular endplates. In order to characterize the role of this neurotrophic factor in this context, Smn þ/2 mice were crossbred with Cntf 2/2 mice, and the resulting double mutants investigated by electrophysiology, immunohistochemistry and analysis of muscle strength. In agreement with previous data showing that CNTF can induce terminal sprouting and sprouting from nodes of Ranvier within denervated muscle (16, 17) , our data suggest that CNTF is necessary for the intramuscular sprouting observed in Smn þ/2 mice, and thus prevents a drop of muscle strength. This explains why disease progression is slow in type III SMA mouse models in comparison to type I SMA in which sprouting and enlargement of motor units does not normally occur. This finding could guide the way to new therapies in SMA.
RESULTS
Increased mean motor unit size in the gastrocnemic muscle of Smn 1/2 mice Smn þ/2 mice do not develop signs of muscle weakness despite the loss of at least 40% of spinal motor neurons (L1 -L7) at an age of 12 months (Fig. 1A and B) (15) . To get an insight into the underlying compensatory mechanisms, we analysed motor function of the gastrocnemic muscle by electromyographic (EMG) measurements (18) in 12-month-old Smn þ/2 and Smn þ/þ littermate controls. We have chosen the gastrocnemic muscle because it contains large motor units and is more affected than i.e. the small finger muscles in SMA type III patients. Moreover, the innervation pattern of this muscle has been studied in detail (19) , and this muscle is easily accessible for electrophysiological analysis and analyses of alterations of motor units such as sprouting (16) . We first stimulated the sciatic nerve by a single current pulse of supramaximal amplitude and recorded the maximum compound motor action potential (CMAP), which directly relates to the total number and size of muscle fibres. Despite the loss of lumbar motor neurons in Smn þ/2 mice at this age (15) , the mean amplitude of the maximum CMAP in the Smn þ/2 mice was not different (data not shown). This finding corresponds to the lack of weakness and normal gross morphology of the gastrocnemic muscle ( Fig. 1B and Supplementary Material, Fig. S1 ) in 12-month-old Smn þ/2 mice. We then investigated the size of the motor units by applying successive incremental stimuli (Fig. 1C-E ), starting from a subthreshold level, until recruiting 12 individual responses. As shown in Fig. 1C and D, the size of the amplitude increments was larger in Smn þ/2 than in Smn þ/þ control mice. The average amplitude of the responses, measured as the mean single motor unit action potential (SMUAP), was more than three times higher in Smn þ/2 mice than in controls (Fig. 1E ), indicating that this massive enlargement of the mean motor unit size is responsible for maintenance of muscle strength in Smn þ/2 mice. This indicates that compensatory mechanisms allow muscle fibres to remain active in this mouse model of SMA type III despite the loss of motor neurons in the spinal cord (15) .
Enhanced arborization of nerve endings in gastrocnemic muscle in 12-month-old Smn 1/2 mice Twelve-month-old Smn þ/2 mice exhibit a reduction in lumbar spinal motor neurons and simultaneously increased amplitudes of SMUAPs in the gastrocnemic muscle. In order to study the underlying structural alterations in motor axons innervating the skeletal muscle and in neuromuscular junctions, we crossed Smn þ/2 mice with mice expressing the YFP protein under the Thy1 promoter (line YFP-H) in individual motor neurons (20) . In these mice, less than 10% of motor neurons express the fluorescent tracer. This allows tracking all terminals of individual motor neurons within the gastrocnemic muscle. We isolated muscles from Smn þ/2 thy1-YFP-H tg and Smn þ/þ thy1-YFP-H tg mice. After counterstaining with Alexa594-conjugated a-bungarotoxin, nerve fibres were visualized in whole mount gastrocnemic muscles by confocal microscopy. The gastrocnemic muscle is innervated by at least three major branches from the tibial nerve (19) . We quantified the number of branching points of individual axons in the upper medial branch of the tibial nerve (white arrow in Fig. 2A ), because it could be reproducibly identified and analysed in the isolated gastrocnemic muscles. This branch comes from the main trunk and enters the medial gastrocnemic muscle (Fig. 2B) . We traced individual axons back from neuromuscular endplates to the trunk of the nerve and counted the number of branching points. Quantification is shown in Fig. 2C . In Smn þ/2 gastrocnemic muscle, enhanced branching and sprouting of nerve terminals became detectable ( Fig. 2C  and D) . The number of axons with 4, 5 and 6 branches is increased in Smn heterozygous deficient mice, and the number of axons with one to three branches is decreased, indicating that enhanced axonal sprouting of terminal motor fibres could be responsible for re-innervation of denervated muscle fibres, due to the loss of spinal motor neurons in the corresponding region of the lumbar spinal cord. In order to find out when denervation and re-innervation of individual neuromuscular endplates first occurs in Smn þ/2 mice, we counted motor neuron numbers in the lumbar spinal cord (L1 -L7) in 4-week and 6-month-old Smn þ/2 and control mice (Fig. 3) . In 4-week-old mice, motor neuron numbers were not reduced (Fig. 3A) , whereas 23% loss of motor neurons was observed in 6 month and 42% in 12-month-old Smn þ/2 mice, thus confirming previously published data (15) . This corresponded to enhanced fibre grouping in 12-month-old Smn þ/2 mice (Supplementary Material, Fig. S2 ), as visualized by ATPase staining of frozen gastrocnemic muscle sections at pH 4.3 that marks slow twitch fibres. However, despite the loss of motor neurons, no loss of muscle strength was observed in 4-week-, 6-month-and 12-month-old mice (Fig. 3B ). First signs of denervation of neuromuscular endplates were already observed in 4-week-old Smn þ/2 mice ( Fig. 3C and D) . In 4-week-old gastrocnemic muscles, individual neuromuscular endplates became detectable in which the postsynaptic staining with fluorescence-coupled BTX was not covered by immunofluorescence against neurofilament light chain (NFL), a presynaptic marker of innervating motor axons (Fig. 3D) . NFL antibodies were applied in this experiment in order to avoid potential bias caused by the selective expression of YFP. In contrast to NFL antibodies that label all neuromuscular endplates, . Individual axon terminals (at least n ¼ 50) were traced back to the main medial branch innervating the MGC muscle as outlined in (A), and the number of branching points were counted. Levels of axon arborization reflect formation of additional branches distal of the main trunk. In Smn þ/2 gastrocnemic muscle, axons with additional branching points, in particular in the distal segments, are significantly more abundant than in Smn þ/þ muscle, indicative of enhanced axonal sprouting. In addition, in Smn þ/2 gastrocnemic muscle, more axons are present that show additional sprouts close to neuromuscular endplates (arrowheads) (n ¼ 3 independent animals for each group, muscles from both sides were investigated from each animal). and Smn þ/þ mice (n ¼ at least 3 for each group). Whereas motor neuron numbers appeared unaffected in 4-week-old Smn þ/2 mice, a significant loss was observed in 6-and 12-month-old Smn þ/2 mice. (B) Grip strength was unaffected in Smn þ/2 mice at any stage between 4 weeks and 12 months, indicating that the loss of motor neurons was functionally compensated in Smn þ/2 mice. (C) A significant increase in the frequency of axon terminals innervating two neuromuscular endplates was observed in 6-and 12-month-old Smn þ/2 mice. A first tendency of enhanced sprouting, although not significant, was also observed in 4-week-old Smn þ/2 mice. At least 150 axon terminals were investigated per animal in the gastrocnemic muscles from both sides (n ¼ at least three animals per group). (D) The figure shows examples of denervated neuromuscular endplates in 4-week-old (upper two panels) and 6-month-old (lower four panels) Smn þ/2 mice. Morphology of neuromuscular endplates in corresponding control animals (Smn þ/þ mice from the same litters) is also shown. Denervation is shown by lack of covering of the postsynaptic side of neuromuscular endplates, stained with BTX by innervating axonal branches that are stained with antibodies against neurofilament light chain. The corresponding 3D reconstructions generated from the original confocal stacks with Imaris software are shown on the right side. Individual denervated neuromuscular endplates are marked by arrows. Scale bar ¼ 10 mm.
Ã P , 0.05, ÃÃ P , 0.01, ÃÃÃ P , 0.001.
YFP is expressed in less than 10% of the motor neurons in Thy1-YFP-H mice, a subgroup that is potentially not representative of all lumbar motor neurons. We counted denervated neuromuscular junctions and found 8 from 334 (2.4%, in comparison to 1.7% (6/344) in Smn þ/þ mice) in the gastrocnemic muscle of 4-week-old Smn þ/2 animals. At least three independent animals were investigated, with at least 80 neuromuscular junctions screened per animal. Denervation of neuromuscular endplates was more prominent (15/293 corresponding to 5.1%) in 6-month-old Smn þ/2 mice (Fig. 3D) , in comparison to 7/280 (2.5%) in age-matched Smn þ/þ mice. For analysis of sprouting, more than 150 endplates in different areas of the gastrocnemic muscle were investigated in order to quantify synapses innervated by axon terminals that had developed terminal branches by sprouting, thus innervating two or more nearby endplates (see also Fig. 5D and E). Compensatory mechanisms by enhanced terminal arborization and sprouting already occurred in 4-week-old Smn þ/2 mice. In 4-week-old Smn þ/2 mice, a tendency towards enhanced sprouting was observed (Fig. 3C ), and the difference became significant in 6-month-old Smn þ/2 mice. This confirms previously published data that the disease process in mouse models for SMA reflects a dying back process (13) . Our data indicate that denervation of neuromuscular endplates occurs early starting in 4-week-old Smn þ/2 mice before the loss of motor neuron cell bodies becomes apparent in the lumbar spinal cord. No loss of muscle strength was observed in 4-week-, 6-month-or 12-month-old mice, indicating that the mechanism of compensation for denervation of individual neuromuscular endplates and motor neuron loss are robust in these mice.
Ciliary neurotrophic factor is located in Schwann cells of innervating motor axons in Smn 1/2 gastrocnemic muscle
In adult mammals, myelinating Schwann cells express high levels of the neurotrophic factor ciliary neurotrophic factor (CNTF). CNTF has also been shown to protect axonal destruction in pmn mice, a mouse model for amyotrophic lateral sclerosis (ALS) (21) (22) (23) . Furthermore, CNTF application protects maintenance of innervation of motor endplates in SOD G93A mice, a mouse model of familial ALS (19) . Therefore, we tested expression of CNTF in Schwann cells surrounding motor axons in the gastrocnemic muscle of Smn þ/2 mice. CNTF immunoreactivity is prominent both in myelinating Schwann cells and in Schwann cells close to neuromuscular junctions ( Fig. 4A and  B) . The specificity of this staining was tested by the analysis of neuromuscular endplates from Smn þ/2 Cntf 2/2 and Smn
Cntf 2/2 mice from the same litters (Fig. 4A , third and fourth panel from top). These nerve fibres did not show any CNTF immunoreactivity in surrounding Schwann cells. CNTF expression was also detected in the cytoplasm of myelinating Schwann cells in the sciatic nerve of Smn þ/2 mice (Fig. 4C) , as previously observed in other models of motor neuron diseases such as pmn (24) and SOD1 G93A mutant mice (25) . (26 -28) have shown that Cntf 2/2 mice exhibit loss of motor neurons between 4 weeks and 6 months. Similar losses of motor neurons were observed in the Cntf 2/2 mice used in this study (Fig. 5A) . Four-week-old mice of all genotypes do not show motor neuron loss (Fig. 5A, Supplementary Material,  Fig. S3 ), and the grip strength was normal in all four genotypes (Fig. 5B) . A tendency of enhanced sprouting in Smn þ/2 was detectable (Fig. 5C) .
Reduced axonal sprouting in
show a significant loss of motor neurons at 6 and 12 months in comparison to controls (Fig. 5A and Supplementary Material, Fig. S4) mice that were CNTF-deficient showed reduced muscle strength (Fig. 5B) . To address the question whether CNTF-induced sprouting provides a functional compensation for motor neuron losses in Smn þ/2 Cntf þ/þ mice, we investigated the innervation pattern of endplates in the gastrocnemic muscle. Therefore, terminal axons were stained with antibodies against neurofilament. More than 150 endplates in different areas of the gastrocnemic muscle were investigated in order to quantify synapses innervated by axon terminals that had developed terminal branches by sprouting, thus innervating two or more nearby endplates. Figure 5D shows a typical innervation pattern found in wild-type control muscles. Some synaptic areas are magnified. In the upper panel (Fig. 5D, 1 -4) , examples of axons are shown that innervate only one endplate (no sprouting). Figure 5D (5 -7) and E shows examples of axons innervating at least two endplates (sprouting). Applying these criteria, we investigated endplates with the nearby axon innervating more than one
Cntf 2/2 . In 6-and 12-month-old Smn þ/2 Cntf þ/þ gastrocnemic muscles, the number of axon terminals innervating two endplates (Fig. 5C) is significantly enhanced by a factor of about 2 (Fig. 5C) To investigate the functional consequences of reduced sprouting after deletion of the Cntf gene in Smn þ/2 mice, we measured muscle strength (Fig. 5B) and the soma size of lumbal motor 
Grip strength in 4-week-(n ¼ at least 3 in each group), 6-month-(n ¼ at least 3 in each group) and 12-month-old
Quantification of axonal sprouting, using the same technique as in Fig. 2C . In Smn þ/2 Cntf þ/þ muscles, a significantly increased number of synapses innervated by collateral or terminal sprouts was observed in comparison to Smn þ/þ muscle at 6 and 12 months. Increased sprouting in Smn þ/2 Cntf þ/þ mice was abolished when CNTF was depleted in Smn þ/2 Cntf 2/2 double deficient mice. At least 150 neuromuscular endplates were investigated per animal (n ¼ at least 3 in each group). (D) Overview of the innervation pattern in the gastrocnemic muscle of a 12-month-old wild-type mouse stained with a-bungarotoxin and antibodies against neurofilament in order to trace all motor axons. Seven areas with neuromuscular synapses were magnified to demonstrate terminal sprouting. The upper panel shows examples of neuromuscular endplates with axon terminals innervating only one endplate (no sprouting, indicated by arrows). The right column shows rare examples of axon terminals innervating more than one endplate (sprouting, indicated by arrows). Scale bar overview ¼ 100 mm, scale bar magnified area ¼ 30 mm. In total, more than 150 endplates were investigated for each genotype to quantify the frequency of terminal sprouting. (E) Examples of neuromuscular endplates in gastrocnemic muscle from mice with the four different genotypes. Arrows point to the position of terminal sprouts. Scale bar ¼ 10 mm.
Ã P , 0.05, ÃÃ P , 0.01, ÃÃÃ P , 0.001. Material, Fig. S5 ). We found a slightly increased number of motor neurons with a size over 1000 mm 2 in 12-month-old Smn þ/2 Cntf þ/þ mice. We also performed electrophysiological analyses to determine the size of individual motor units. Using a ring electrode placed at mid-thigh, the mean single motor unit action potential (SMUAPs) sizes in
neurons of the spinal cord (L4-L5) of 4-week and 12-month-old mice (Supplementary
were estimated by applying successive incremental stimuli starting from a subthreshold level until recruiting 10 individual responses (Fig. 6A) . As shown before by the results obtained with the needle electrode placed into the gastrocnemic muscle ( Fig. 1C-E (Fig. 6B ). This result indicates that motor units are smaller in the double mutant mouse. These data confirm the functional relevance of the morphological alterations shown in Figure 5 . In Figure 6C , a summary of the progressive loss of motor neurons in Smn þ/2 Cntf þ/þ mice from 4 weeks to 12 months is shown. In 6-month-old mice, the loss is 20%, and reaches over 40% in 12-month-old-mice. To maintain the same grip strength, axonal sprouting and size of motor units increase correspondingly. Thus, CNTF appears necessary for the compensatory sprouting response that maintains muscle strength in Smn
mice, a mouse model of mild forms of SMA, can maintain muscle strength by compensatory increase of the amplitude of single motor action potentials in skeletal muscle. The loss of motor neurons is thus compensated by sprouting from remaining motor axon terminals so that neuromuscular endplates remain innervated. Lack of CNTF that is highly expressed in Schwann cells surrounding axon terminals reduces this sprouting response, both on a morphological and functional level as determined by electrophysiological analyses and by measurement of muscle strength.
The most severe form of spinal muscular atrophy, SMA type I or Werdnig -Hoffmann disease, differs from the milder forms SMA type II, type III and type IV by its fast progression and the high mortality in early childhood (3, 14) . Similarly, Smn 2/2 SMN2 tg mice that express two copies of the human SMN2 gene on a mouse Smn null background, die within few days after birth, and these mice do not survive beyond postnatal day 6 (29) . However, this mouse model of type I SMA shows only relatively moderate motor neuron loss in the spinal cord (17%) (29) at a final stage of the disease when the mice are completely paralytic at 3 -5 days after birth. The fast progression of the disease points to an absence of compensatory mechanisms in comparison to mouse models with a more moderate phenotype and a slower disease progression, as it has been found in Smn þ/2 mice, a model for SMA type III (15) . This corresponds to observations that survival of isolated Smn 2/2 SMN2 tg motor neurons in cell culture is not impaired, but that axon growth (9) and presynaptic differentiation are disturbed. Defective axon growth and dysfunction of neuromuscular transmission have also been observed in Smn-deficient zebrafish (30) , fly larvae (31) and mice (11, 32, 33) . In contrast, Smn þ/2 mice that lack only 50% of Smn protein levels survive and do not show any overt sign of motor neuron disease despite a progressive and significant loss of motor neuron cell bodies. These motor neurons are apparently able to sprout and to re-innervate motor endplates that would become denervated when motor neurons are lost. This correlates with an increase in the amplitude of motor units. Similar electrophysiological findings, the lack of abnormal spontaneous activity and large motor units have also been made in patients with milder forms of SMA (3). Our data indicate that CNTF is responsible for the sprouting response that leads to this enlargement of motor units and thus compensates for loss of motor neurons in the milder forms of the disease.
Why does CNTF not compensate in the severe forms of SMA in Smn 2/2 SMN2 tg mice? CNTF expression is low during embryonic development (34, 35) , and in the peripheral nervous system CNTF expression only becomes upregulated in Schwann cells starting at the end of the first postnatal week (34, 36) . In rodents, CNTF expression reaches the high levels found in the adult nervous system in the third postnatal week. Therefore, CNTF is not present during the first days after birth when these mice become severely paralyzed (29) and show pathology such as depletion of synaptic vesicles at active zones and reduced synaptic transmission (11) .
Addition of CNTF by application via CNTF-secreting stem cells (21) or by local injection into skeletal muscle (23) leads to improved maintenance of motor axons in peripheral nerves of pmn mutant mice or neuromuscular endplates in SOD G93A mice (19) . Interestingly, this effect appears relatively specific for CNTF, as other neurotrophic factors for motor neurons such as the glial-derived neurotrophic factor (GDNF) were without any effect in the same disease models (19, 23) .
Schwann cells close to neuromuscular endplates play a major role in triggering terminal sprouting (37, 38) . As shown here, these cells express CNTF, and lack of CNTF expression strongly reduces terminal sprouting and augmentation of motor unit size. Terminal Schwann cells have been found to express Semaphorin-3, and it has been suggested that the upregulation of Semaphorin-3 in terminal Schwann cells could suppress sprouting and contribute to loss of neuromuscular synapses in motor neuron disease (39) . Other studies have shown that the depletion of synaptic vesicles precedes the loss of synapses in a mouse model of ALS, and that CNTF could prevent the depletion of synaptic vesicles and thus maintain function of these synapses. This effect of CNTF correlates with reduced accumulation of neurofilaments (19) , a characteristic hallmark of motor neuron disease in Smn deficient mice (11 -13) and in SOD G93A mice, and reduced expression of stress-related genes such as Bcl-2a1-a that are normally upregulated in SOD G93A mice at a stage when synapse loss occurs. How could CNTF act on maintenance of motor endplates and induction of sprouting in Smn þ/2 mice? After binding to the CNTF receptor complex, classical signalling pathways are activated, including B-Raf (40) and the phosphatidylinositol 3 kinase (PI-3K) pathways, that do not only maintain survival but also mediate effects on the cytoskeleton (41) . In addition, activation of the CNTF receptor 
mice. The amplitude of SMUAPs was increased in Smn þ/2 mice, pointing to increased size of motor units due to increased sprouting. In Smn þ/2 Cntf 2/2 mice, SMUAP amplitudes were not increased. (C) Summary of motor neuron numbers, (M), grip strength (G) and number of axons innervating at least two neighbouring neuromuscular endplates (S) in 4-week-, 6-month-and 12-month-old mice of all four genotypes. Values are given as percentage relative to the highest value in each investigation. complex leads to activation of Stat-3. Interestingly, activated Stat-3 that is phosphorylated at Ser 727 has been shown to affect mitochondrial potential in non-neuronal cells, and it is tempting to speculate that a local effect of activated Stat-3 on mitochondria (42) is responsible for the effects of CNTF on synapse maintenance and sprouting. This finding is in agreement with the observation that in a mouse model with conditional inactivation of the Stat3 gene in motor neurons, these cells are more vulnerable in adult stages after nerve lesion (43) .
Why is the progression of the disease in CNTF-deficient Smn þ/2 mice not accelerated? CNTF is a member of a large family of neurotrophic cytokines that bind to receptor complexes involving gp130 and LIF-Rb receptor subunits as signal transducing subunits. This family includes leukaemia inhibitory factor (LIF), which is also expressed in Schwann cells, and cardiotrophin-1. Analysis of double and triple mutant mice for these factors has shown that atrophy of neuromuscular endplates and loss of muscle strength increases if more than one of these ligands is missing (28) . When LIF-Rb is ablated, these mice die at birth because they are unable to breathe and feed (44) . Despite these severe signs of paralysis, they exhibit only a loss of 40% of motor neurons, indicating that the loss of neuromuscular transmission rather than the loss of motor neuron cell bodies is responsible for the severe phenotype. Taken together, these data suggest that CNTF is not the only ligand for maintenance of neuromuscular endplates in this mouse model, but it plays a predominant role for the induction of sprouting in this mouse model for mild forms of SMA.
Unfortunately, when CNTF is given systemically to human patients with motor neuron disease, it elicits severe sideeffects such as fever and cachexia (45) , most probably due to effects on liver cells (46) and cells of the immune system. These side-effects preclude its use for therapy in SMA patients. Recently, techniques have been developed for local application of growth factors such as VEGF to motor neurons and neuromuscular endplates (47) . It is possible that such new strategies for growth factor delivery could reduce side-effects associated with systemic delivery. The local expression of CNTF appears attractive under circumstances when endogenous CNTF expression is low, at developmental stages when myelination of peripheral nerves is still incomplete. In summary, our observation that sprouting in milder forms of SMA prevents the decline of muscle strength despite massive loss of spinal motor neurons could guide the way for development of therapies for severe forms of SMA in which such sprouting reactions do not occur.
MATERIALS AND METHODS
Electrophysiological analysis of the gastrocnemic muscle of Smn 1/2 mice
Compound muscular action potentials (CMAPs) were recorded as described (48) in anaesthetized mice (tribromethanol 2%, 0.15 ml/10 g body weight, i.p.). Stimulating needle electrodes were placed at the sciatic notch and the head of the fibula. The active recording needle electrode was placed into the medial part of the gastrocnemic muscle, or at midthigh when a circumferential surface electrode was used. The reference electrode was inserted at the base of the fifth foot phalanx. A ground electrode was placed at the base of the tail. Supramaximal responses were first recorded, followed by responses to incremental currents, in very small steps, from subthreshold levels until the progressive recruitment of 10-12 responses. Each current amplitude was applied three times, and responses were considered stable and therefore acceptable if they were identical.
Preparation of the gastrocnemic muscle for immunohistochemistry and confocal analysis
The Smn þ/2 and Cntf þ/2 mice used in this study had been backcrossed at least five times to C57Bl/6 mice, and subsequently every third generation in order to maintain them on a clean C57Bl/6 background. They were housed in the central animal facilities of the University of Wuerzburg. The animal care and ethic committees of our institutions approved all described procedures and experiments. Mice were killed by cervical dislocation, and the native gastrocnemic muscle was dissected and placed on a cover slip. It was immediately covered with 4% paraformaldehyde (PFA) in phosphate buffered saline (Dulbecco's PBS 1Â from PAA) and mechanically squeezed by a second cover slip. After 5 min of squeezing, the flattened gastrocnemic muscle was processed further for immunohistochemistry.
Thy1-YFP-H
tg mice whole mount preparation of the gastrocnemic muscle
The gastrocnemic muscles from adult Smn þ/þ thy1-YFP-H tg and Smn þ/2 thy1-YFP-H tg mice were fixed with 4% paraformaldehyde (PFA) for 2 h. After fixation of the gastrocnemic muscles, they were washed in 1 Â PBS and 0.5% Triton X-100 (Sigma) two times for 30 min. YFP is expressed in less than 10% of the motor neurons and their axonal processes in thy1-YFP-H tg mice (20) . The postsynaptic part of neuromuscular endplates was stained with a-bungarotoxin Alexa Fluor 594 (1:500, Molecular Probes) for 30 min. The tissue was then washed in 1Â PBS for 2 h. Finally, the tissue was mounted with a DABCO-solution (9.97% PBS, 89.77% Glycerin and 0.26% DABCO). Pictures were taken with the SP2 confocal microscope from Leica, and an Olympus FluoView TM FV1000 confocal microscope with three channel detectors. For quantification of the enhanced arborization in the upper medial branch of the tibial nerve, we traced individual axons back from neuromuscular endplates to the trunk of the nerve and counted the number of branching points.
Neurofilament staining in the whole mount gastrocnemic muscle
The gastrocnemic muscles of Smn þ/þ , Smn þ/2 , Cntf 2/2 ; Smn þ/2 Cntf 2/2 were fixed in 4% PFA for 2 h. After washing with 1Â PBS and 1% Triton X-100 two times for 30 min, the postsynaptic part of neuromuscular endplates was stained with a-bungarotoxin Alexa Fluor 594 (1:500) in 1Â PBS and 1% Triton X-100 for 30 min. Subsequently, the tissue was washed in 1Â PBS and 1% Triton X-100 for 2 h, and a blocking solution containing 3% bovine serum albumin (BSA, Sigma) and 5% Triton X-100 to penetrate into the thick muscles was applied for 4 h. Rabbit anti-neurofilament antibodies (150 kDa AB1981, Chemicon) were diluted 1:350 in the blocking solution and applied over night at 48C. Thereafter, the muscles were washed three times for 30 min in 1Â PBS and 1% Triton X-100. As second antibody, swine antirabbit FITC (1:40, Dako) was diluted in the blocking solution and applied for 4 h at room temperature. Finally, the tissue was washed three times in 1Â PBS and 1% Triton X-100 for 30 min and mounted with DABCO. The pictures were taken with an Olympus FluoView TM FV1000 microscope. For 3D reconstruction, 2D confocal stacks were saved in an Olympus.oib format and opened in Bitplane Imaris 5.7.0 Software supplied by Olympus. An isosurface was generated with a Gaussian filter width of 0.3 mm.
Preparation and staining of cryostat slices of the gastrocnemic muscle and sciatic nerve Mice were perfused with 4% PFA and the gastrocnemic muscles and the sciatic nerves were prepared. These tissues were postfixed in 4% PFA for 2 h and then transferred into buffer with increasing (10 -30%) sucrose content. After the tissue was submerged in the 30% sucrose solution, it was embedded in Tissue Tek (Sakura) and frozen within 2-methylbutane cooled with liquid N 2 . Subsequently, the gastrocnemic muscles were cut in 100 mm thick longitudinal sections and the sciatic nerve in 10 mm thick cross-sections with the cryostat. For immunostaining, the sections were blocked with 5% BSA and 0.5% Triton X-100 in 1Â TBS for 1 h. The gastrocnemic muscles were stained with a-bungarotoxin Alexa Fluor 594 (1:500), mouse antineurofilament (1:350, SMI31R, Covance.) and rabbit anti-CNTF (K10, 1:1000) (26) diluted in blocking solution, whereas the sciatic nerves were stained with mouse anti-S100 (1:350, beta-subunit, Sigma) and rabbit anti-CNTF. After washing three times per 10 min, Cy5 goat anti-mouse (1:200, Jackson Immuno) and swine anti-rabbit FITC (1:350, Dako) for the muscles and Cy3 goat anti-mouse (1:200, Jackson Immuno) and swine anti-rabbit FITC for the nerves were applied for 2 h. Finally, the tissue was washed three times for 10 min and mounted in DABCO, and investigated with the Olympus FluoView TM FV1000 microscope. For a 3D reconstruction, 2D confocal stacks were saved in an Olympus.oib format and opened in Bitplane Imaris 5.7.0 Software supplied by Olympus. An isosurface was generated with a Gaussian filter width of 0.3 mm.
Grip strength measurements
Grip strength measurement was performed with a Digital Force Gauge DFL 2 from Chatillon with every mouse tested at least 10 times, and the mean was taken (26) .
Nissl staining of spinal cord sections, quantification of motor neurons in spinal cord sections
Mice were deeply anaesthetized and transcardially perfused with 4% PFA. 12.5 mm paraffin serial sections of the spinal cord were prepared for Nissl staining, as described previously (28) . Cresyl violet stains acidic structures within cells intensively, and thus makes the nucleolus and the rough endoplasmatic reticulum visible. Motor neurons differ by a distinct nucleolus and prominent rough endoplasmatic reticulum from other types of neurons in the spinal cord, in particular the interneurons. Even atrophic motor neurons can be clearly distinguished by this technique, as previously shown in Cntf/ Lif/Ct-1 triple deficient mice (28), bcl-2 deficient mice (49) and Smn2/2SMN2tg mice, a mouse model of type I SMA (29) . Only motor neurons with clearly distinguishable nucleolus and Nissl stained rough endoplasmatic reticulum-like structure in the cell body were counted in every 10th section of the lumbar spinal cord (L1 -L7). Raw counts were corrected for double counting of split nucleoli as described (26) .
Myosin ATPase reaction and muscle fibre typing
The gastrocnemic muscle was freshly prepared from mice after cervical dislocation and frozen immediately in nitrogencooled 2-methylbutane. ATPase staining was performed on 10 mm thick cryosections under acidic (pH 4.3 and 4.6) and basic (pH 9.4) conditions. Data presented in this study are from reactions at pH 4. 
HE staining and quantification of muscle fibre size
The muscle was prepared from mice immediately after cervical dislocation and freshly frozen in nitrogen-cooled 2-methylbutane. Ten mm thick cryosections were prepared and stained with a standard HE protocol. The calibre of 150 muscle fibres per muscle biopsy and animal was analysed.
Statistics
Results are reported as means + SEM. The student's t-test was performed as unpaired, two-tailed sets of array. One-way ANOVA with the Tukey's post-test was used to compare more than two groups. Analysis was made by GraphPad Prizm Software (San Diego). Significance level was set as P , 0.05.
